The effects of the size and volume fraction of the precipitated crystalline phase induced by friction stir processing (FSP) on the hardness in Zr-Al-Ni-Cu bulk metallic glass (BMG) was examined. The microstructure in the friction zone (FZ) exhibits an amorphous ''band-like'' structure with a small number of nanoscale crystalline particles. On the other hand, the microstructure in the FZ near the finishing point of the process exhibits a large number of nanocrystalline particles with a size of less than 20 nm and amorphous phase. The difference in the microstructures of FSP regions is explained in terms of differences in the heat input by FSP. The hardness in both FSP regions is greater than that of heat-treated specimens with almost the same volume fraction of the crystallized phase. Control of the size and volume fraction of precipitated crystalline phase induced by FSP offers the possibility of further improvement in the mechanical properties of BMGs.
Introduction
Recently, considerable attention has been paid to investigating the room temperature deformation behavior of bulk metallic glasses (BMGs). [1] [2] [3] [4] [5] In general, BMGs show a high strength but very little plasticity in uniaxial tension and compression. The plastic flow in BMGs is localized into shear bands associated with work softening. 6, 7) As a result, BMGs show zero ductility in tension and limited plasticity in compression. On the other hand, improved mechanical properties, such as enhanced plasticity or high toughness, have been observed in a number of BMG based composites. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In the deformation of BMG-based composites, the presence of crystalline phases can suppress the development of shear bands and promote the generation of multi shear bands in glassy matrixes. Additionally, the relationship between the volume fraction of crystalline phase and mechanical properties in BMG-based composites has been actively discussed. Lee et al. 13) have reported the effect of a controlled volume fraction of dendritic phases on mechanical properties, such as tension, compression, and impact properties, in La-based BMG composites. They concluded that a volume fraction of the crystalline phase of more than 40% is required for an improvement in plasticity. It is very important to investigate the effects of the morphological properties, such as the size and volume fraction of the crystalline phase, on mechanical properties of BMGs, because many of the mechanical properties are affected by the presence of a crystalline phase. [18] [19] [20] [21] [22] [23] [24] [25] In our previous studies, we investigated the microstructural changes by friction stir processing (FSP) in Zr-Al-Ni-Cu BMG. 26, 27) FSP, a development based on friction stir welding (FSW), 28) is a new solid-state technique for microstructural changes. During this process, the material undergoes intense plastic deformation by a rotating tool with a pin and shoulder. In observations of microstructural changes by FSP in our previous studies, 26, 27) we identified the possibility of controlling the size and volume fraction of precipitated crystalline phase by FSP. Here, we describe investigations on the size and volume fraction of the precipitated crystalline phase induced by FSP in Zr-Al-Ni-Cu BMG, and we discuss the effects of such the size and volume fraction of this precipitated crystalline phase on the hardness of the material.
Experimental Procedure
The sample used in this study was a 2.5 mm-thick piece of Zr 55 Al 10 Ni 5 Cu 30 BMG. The Zr 55 Al 10 Ni 5 Cu 30 BMG was processed by a single pass of FSP. The diameters of the shoulder and pin of the tool used in this study were 12 and 4 mm, respectively, and the pin was a right-handed screwtype pin. On the basis of results of repeated experiments under various FSP conditions, FSP was carried out by using a tool rotation rate of 900 rpm and a traverse speed of 100 mm/ min. The heat-treated samples were prepared by annealing as-cast sample for 18, 22, 41, or 50 min at 718 K. A thermal analysis of the friction zone (FZ) in the FSP samples and the heat-treated samples was carried out by means of a differential scanning calorimetry (DSC). The thermal cycle consisted of heating at 40 K/min up to 823 K. FSP samples for DSC were taken from the FZ and measured 3 Â 3 Â 2 mm. The microstructure of the FSP samples and the heattreated samples was determined by transmission electron microscopy (TEM). A thin disk for TEM was removed from part of the FZ parallel to the friction stir (FS) direction. The specimens for TEM were prepared by ion milling. Micro Vickers hardness test was carried out at an applied load of 0.5 kgf to compare the mechanical properties of the FSP specimen with those of the heat-treated samples. The hardness profile of the FSP region was measured at a point 1.2 mm from the surface in a cross section perpendicular to the FS direction. Figure 1 shows the features of the FSP specimen in Zr 55 Al 10 Ni 5 Cu 30 alloy. The arrow in Fig. 1 indicates the FS direction of the FSP specimen. Although a small crack can be observed in Fig. 1 , no marked defects were found in any other region, showing that FSP was successfully applied to the Zr 55 Al 10 Ni 5 Cu 30 BMG. In Fig. 1 , in process region 1 (PR-1), the traverse speed of the tool was constant, whereas in process region 2 (PR-2), the finishing point of FSP, the traverse speed of the tool was decreasing. Figure 2 shows a bright-field TEM images and the related selected-area diffraction (SAD) patterns of the FZs of (a) PR-1, and (b) PR-2. In Fig. 2(a) , the microstructure of PR-1 shows a ''band-like'' nanoscale structure composed of dark and bright regions with nanoscale crystalline particles. As reported in our previous paper, we consider that the ''bandlike'' nanoscale microstructure corresponds to shear bands. 26, 27) The shear bands are introduced by continual intense plastic deformation with the shear stress along the pin surface and moving tool of the FSP. 26) On the other hand, the microstructure of PR-2 [ Fig. 2(b) ] composes a large number of nanocrystalline particles with a size of less than 20 nm and amorphous phase. each region from the change in the heat of the exothermic reaction in the corresponding DSC curve: the V f of PR-1 was 13% and that of PR-2 was 51%. Next, we examined the effect of the microstructural changes on the hardness of the material is examined. Figure 4 shows the Micro Vickers hardness profiles of the FSP region in PR-1 and PR-2. The base material of Zr 55 Al 10 Ni 5 Cu 30 BMG has an average hardness value (Hv) of 498, whereas the FZs of PR-1 and PR-2 had higher hardness values than the base material. The difference in the hardness between the specimens can be explained in terms of the difference in the V f . In previous research on BMGs, it was reported that the hardness increases as a results of the presence to nanoscale spherical particles dispersed in the glassy matrix, and therefore increases with increasing V f . 17) In this work, the V f of PR-2 was larger than that of the asreceived material and that of PR-1, and, as a result, the hardness of the FZ in PR-2 was markedly increased.
Results

Discussions
First we discuss the difference in microstructure between PR-1 and PR-2. Frigaard et al. 29) suggested the following equation for describing the heat input during FSW:
where q is the heat input, is the friction coefficient, P is the pressure, N is the rotation speed and R is the radius of the shoulder. From eq. (1), if the heat input per unit length, Q, is considered for the moving processing, we obtained eq. (2).
where V is the traverse speed. The traverse speed of the tool slows down and becomes variable near the finishing point of FSP. Equation (2) , suggests that the heat input near the finishing point of the process (PR-2) is larger than that in the steady state processing region (PR-1) because the traverse speed in PR-2 is slower than that in PR-1. Consequently, significant crystallization takes place in PR-2. It is difficult to explain the difference in morphology between PR-1 and PR-2, because the detailed mechanism of plastic flow of materials in FSP has not been sufficiently elucidated, although many studies have been made with the aim of clarifying the material flow mechanism in FSW/FSP. [30] [31] [32] Later, we attempt to clarify the difference in morphology by microstructural observation of the FSP specimens under different process condition of FSP.
Next, we discuss the effects on hardness of the size and volume fraction of the precipitated crystalline phase induced by FSP. In general, strain hardening occurs as a result of machining processing in crystalline materials. However, strain hardening as a result of machining processing has not yet been identify in the case of BMGs, although several groups have reported on their research on the improvement of mechanical properties of BMGs by machining processes. 33) We therefore discuss the increase of hardness, focusing only on the size and volume fraction of precipitated crystalline phase.
We prepared some heat-treated specimens with various values of V f to identify the effects of the microstructure on the hardness of PR-1 and PR-2. The changes in the V f of the crystalline phase and the hardness values for various annealing time at 718 K are summarized in Table 1 . The hardness increased with increasing V f . Figure 5 shows the hardness profile as a function of V f for PR-1, PR-2, and heat-treated specimens in Zr 55 Al 10 Ni 5 Cu 30 BMG. The hardness of both the PR-1 and the PR-2 specimens is higher than that of a heat-treated specimen with almost the same V f as the PR-1or PR-2 specimens. In particular, the hardness of PR-2 is markedly greater than that of the heattreated specimen. The increase in the hardness of PR-1 is a result of the presence of the band-like structure and the precipitation of nanocrystalline particles. 27) We focused our attention on the considerable increase in the hardness in PR-2. Figure 6 shows X-ray diffraction (XRD) patterns of an ascast specimen, the PR-2 specimen and a specimen of Zr 55 Al 10 Ni 5 Cu 30 BMG annealed at 718 K for 50 min. The XRD pattern of as-cast specimen consists of broad peaks without any crystalline peaks, whereas the XRD patterns of the PR-2 and the annealed specimen show the crystalline peaks. The crystalline peaks in the PR-2 and annealed specimens are due solely to the NiZr 2 phase. This suggests that the precipitated phase in the PR-2 is the same as that in the annealed specimen. Figure 7 shows (a) a bright-field TEM image and the related SAD pattern of the FZ of PR-2 [the same picture in Fig. 2(b) ] and (b) a bright-field TEM image and related SAD pattern of the Zr 55 Al 10 Ni 5 Cu 30 BMG specimen annealed at 718 K for 50 min. The microstructures of the two specimens differ significantly, although the V f in both specimens is almost the same. The particle size in PR-2 is much smaller than that in the heat-treated specimen. The difference in hardness between PR-2 and the heat-treated specimen is attributed to this difference of microstructure. The fine particles therefore a considerable effect in increasing the hardness of the BMG-based composite.
In general, the size of the crystalline phase increases with increasing V f in crystallization of BMGs by heat treatment. 11) Although the effect of V f on the mechanical properties has been investigated, it is difficult to investigate the effect of the particle size on mechanical properties because it is difficult to control the size of the crystalline phase at a constant value of the V f . In this study, we successfully investigated the effect of the particle size on the mechanical properties by effecting microstructural changes by means of FSP. Through controlling the size and volume fraction of precipitated crystalline phase by adjusting the process condition in FSP, it should be possible to achieve a detailed clarification of the effects of the size and volume fraction of a precipitated crystalline phase on the mechanical properties of a BMG.
Conclusions
By means of FSP, we investigated the effects of the size and volume fraction of precipitated crystalline phases on the hardness in Zr 55 Al 10 Ni 5 Cu 30 BMG. The results obtained in this study are as follows:
(1) In PR-1, where the traverse speed of the tool was constant, the microstructure exhibited an amorphous ''band-like'' structure with a small number of nanoscale crystalline particles. On the other hand, in PR-2, at the finishing point of FSP, where the traverse speed of the tool was decreasing, the microstructure comprised a large number of nanocrystalline particles with a size of less than 20 nm and amorphous phase. The difference in the microstructure of the two regions was explained in terms of the difference of the heat input. (2) The hardness of PR-1 and PR-2 was higher than that of heat-treated specimens with a value of V f that was greater or the same as that of PR-1 or PR-2. In particular, the hardness in PR-2 was considerable increases. The particle size in PR-2 is much smaller than that in the heat-treated specimen, although the V f in both specimens is almost the same. This indicates that the fine particles have a considerable effect in increasing the hardness.
